Primary infection by human cytomegalovirus (HCMV), a member of the betaherpesvirus family, is usually asymptomatic in immunologically healthy people. In individuals with compromised cellular immunity, HCMV can cause pneumonitis, encephalitis, retinitis, hepatitis, and gastroenteritis. In utero infection can lead to congenital neurological complications, including mental retardation, sensorineural hearing loss, or even death (4, 24) . There is also an epidemiological link between HCMV-seropositive individuals and accelerated coronary artery restenosis following angioplasty (50) . HCMV replicates in various terminally differentiated cell types, including smooth muscle, endothelial, epithelial, neuronal, and microglial cells, fibroblasts, and differentiated cells of the monocyte/ macrophage lineage (12-14, 16, 25, 29, 46) . HCMV gene expression occurs in three temporal phases designated immediate early (IE), early, and late. Transcription of the IE genes occurs at five loci and is independent of any de novo viral protein synthesis. The IE proteins affect transcriptional regulation from both cellular and viral promoters (reviewed in references 48 and 51) and are involved in escape from immune surveillance (3, 27) . IE gene expression is required for transcription of the early genes, which encode viral proteins that are required for viral DNA replication. Replication of viral DNA is required for transcription of the late viral genes, which encode structural proteins involved in the synthesis of the virion.
The greatest amount of transcription at IE times after infection occurs from the major IE (MIE) locus (51, 53, 54) . Spliced mRNAs transcribed from this locus alternatively encode two well-studied viral proteins, IE72 and IE86, plus several isomers (51) that regulate genes expressed during the S phase of the cell cycle. The IE72 protein activates DNA polymerase ␣, c-fos, c-myc, and dihydrofolate reductase promoters (9, 21, 58) . In addition, it can interact with cellular p107 and consequently activate E2F-responsive promoters (42) . The IE86 protein is a strong, promiscuous transcriptional activator that interacts with factors of the basal-transcription machinery (8, 20, 28, 30, 33, 34) . In vivo, it can interact with itself and with the early viral protein encoded by the UL84 gene (10, 15, 44, 49) . Truncated forms of the IE86 protein are also reported to interact in vitro with Rb, p53, CREB, PML, TBP, TEF-1, Sp-1, TFIIB, c-Jun, and TAFII-130 (2, 8, 19, 20, 30, 45, 47, 50) . The IE86 protein has been reported to transactivate the cyclin E promoter (6) . Activation of cyclin E is essential for progression of the cell cycle into the S phase.
A halt in the cell cycle of human fibroblasts (HF) infected with HCMV appears to occur at different stages, including the G 1 /S and the G 2 /M transition points, depending on the cell cycle stage at the time of infection (31, 43) . For example, HCMV infection of serum-starved HF blocked the cells primarily at the G 1 /S transition point. The virus may also express several different factors that act at different points in the cell cycle. For example, the virion-associated tegument protein UL69 blocks the cell cycle primarily at the G 1 /S transition point (32) . The IE86 protein of HCMV is also reported to block cell cycle progression (59; E. A. Murphy and M. F. Stinski, 23rd Int. Herpesvirus Workshop, abstr. 290, 1998, and 24th Int. Herpesvirus Workshop, abstr. 3.001, 1999), but the location of the block is not yet known. Since the viral IE86 protein affects a variety of cellular proteins that promote the S phase of the cell cycle, we examined the effect of this viral protein on the permissive U373 cells. The various mechanisms used by HCMV to control cell cycle progression are significant for our understanding of the replication and pathogenesis of the virus because the efficiency of viral DNA replication in infected cells may be increased by reducing competition for cellular DNA precursors.
Here we compare how HCMV affects the cell cycle in permissive U373 cells as well as smooth muscle cells (SMCs), human aortic endothelial cells (HAECs), and human papilloma virus-transformed aortic endothelial cells (HPVAECs). For these studies, we used fluorescence-activated cell sorting (FACS) and a recombinant virus that expresses the green fluorescent protein (GFP) soon after infection. In addition, we examined the specific effects of the IE72 and IE86 proteins expressed from replication-defective adenovirus vectors. We also used expression plasmids expressing both GFP and the IE86 protein to determine the isolated effects of the IE86 protein on the cell cycle. A previous report by Weibusch and Hagemeier (59) using HCMV or IE86 protein expression vectors without selecting cells for GFP expression indicated that the virus or the IE86 protein caused a cell cycle block at the G 1 /S transition point of U373 cells. When only GFP-expressing cells were analyzed, our results indicated that IE86 protein expression increases the number of permissive U373 or nonpermissive 293T cells in the S-phase component of the cell cycle but blocks cell cycle progression.
MATERIALS AND METHODS
Cell culture, virus, and adenovirus vectors. Primary human foreskin fibroblasts (HFF) were grown in Eagle's minimal essential medium (Life Technologies, Gaithersburg, Md., or Mediatech, Herndon, Va.) supplemented with 10% newborn calf serum (Sigma, St. Louis, Mo.), penicillin (100 U/ml), and streptomycin (100 g/ml). U373 cells, a neuroblastoma cell line, were grown in Dulbecco's minimal essential medium (Life Technologies) supplemented with penicillin, streptomycin, and either 5% (high) or 0.2% (low) fetal calf serum (Sigma). 293 or 293T cells were grown as described for U373 cells except either 10% (high) or 0.05% (low) fetal calf serum was used. The LXSN-IE86 cells, which contain the HCMV IE2 gene, were a gift from James McDougall (University of Washington) and were grown as described previously (5) . Human medial SMCs and HAECs were grown in media obtained from Clonetics (Walkersville, Md.) and supplemented with 10% fetal bovine serum.
Maintenance and propagation of the HCMV Towne strain has been described previously (52) . The recombinant HCMV R⌬-582/-1108gfp contains a deletion between Ϫ1140 and Ϫ583 relative to the MIE promoter transcription start site (39) . The UL127 gene and the strong repressor boundary element (35) between the UL127 promoter and the MIE enhancer were replaced by the adenovirus E1b promoter driving expression of the humanized GFP.
Replication-defective E1a Ϫ and E1b Ϫ recombinant adenovirus vectors expressing either the "Tet-off" transactivator (Ad-Trans), the IE86 protein (Ad-IE86), or the IE72 protein (Ad-IE72) were constructed by one of the authors (D. Streblow) using shuttle vectors as described previously (55) . The cDNA of the IE1 or IE2 gene of the AD169 strain of HCMV was used. The promoter for expression of the IE86 or IE72 protein contains the cis-acting repressive sequence (CRS) within the minimal CMV promoter (P minCMV ). The replicationdefective E1a
Ϫ and E1b Ϫ recombinant adenovirus vector Ad-GFP was obtained from Beverly Davidson (University of Iowa). The titers of the various recombinant adenovirus vectors were determined by plaque assay on 293 cells. For transduction experiments, recombinant adenovirus vectors were added to 1 ml of Dulbecco's minimal essential medium containing 3 l of Lipofectamine reagent (Life Technologies), which we found aids in the attachment of adenovirus to U373 cells. After 1 h at 37°C, the inoculum was removed and the cells were maintained in either low-serum medium for serum-starved cells or high-serum medium for growth-stimulated cells.
Enzymes. Sequencing. Genomic DNA from LXSN-IE86 cells was isolated and used in a PCR with one of seven primer pairs which span the IE2 cDNA. All oligonucleotides were purchased from Life Technologies. The primer pairs were designed to generate products no more than 350 bp long. The PCR products were gel purified and sequenced twice by the University of Iowa DNA core facility. Mutations in the IE2 gene were confirmed by additional PCR using LXSN-IE86 genomic DNA followed by a third sequencing.
Plasmid construction. To mutate the CRS in the IE86 protein expression plasmid, pSVIE2 (38) , two sets of PCR primers were used to amplify DNA from the MIE promoter while inducing site-specific mutations within the CRS. Primer pair 5Ј-CAAACCCCGACACGTAC-3Ј and 5Ј-GAGCCTAGGTAGTGAACC GTCAG-3Ј was used to amplify a 621-bp product from pSVIE2. Primer pair 5Ј-CGGTTCACTACCTAGGCTCTGCTT-3Ј and 5Ј-ATGTCCAACATTACC GCCAT-3Ј was used to amplify a 1,072-bp product from pSVIE2. After digestion of the 621-bp PCR product with AvrII and Bsp120I and digestion of the 1,072-bp PCR product with AvrII and SpeI, the two DNA fragments were ligated to pSVIE2 or pSVIE2HL, which were digested with Bsp120I and SpeI, to generate plasmids pSVIE2crsϪ and pSVIE2HLcrsϪ, respectively. The 5Ј end of the CRS was changed from 5Ј-AGCTCGTTTAGTGAACCGT-3Ј to 5Ј-AGCctaggTAGTG AACCGT-3Ј. (The CRS is in boldface, and the mutated bases are in lowercase letters.)
To generate the plasmid pGFP, plasmid p⌬-300/-1108SVGFP (39) was digested with BamHI and SalI, and the DNA fragment ends were made blunt with the Klenow fragment of E. coli DNA polymerase I and then ligated. To generate pGFP-IE86 and pGFP-IE86HL, plasmids pSVIE2crsϪ and pSVIE2HLcrsϪ were digested with SalI, treated with the Klenow fragment of DNA polymerase I, and then digested with restriction endonuclease NsiI. The DNA fragments were gel purified and ligated to pGFP, which was digested with EcoRI, treated with the Klenow fragment of DNA polymerase I, and then digested with NsiI. All plasmids were sequenced by the University of Iowa DNA core facility.
Western blots. Adenovirus vector-transduced cells or transiently transfected 293T cells were collected and lysed by sonication in phosphate-buffered saline (PBS), pH 7.4. Protein concentrations were determined by a Bradford assay (Bio-Rad, Richmond, Calif.), and equal amounts of protein lysate were added to 2ϫ sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis loading buffer containing 200 mM Tris-HCl (pH 7.8), 8% SDS, 0.02% bromophenol blue, and 20% ␤-mercaptoethanol. After being boiled for 5 min, the denatured polypeptides were fractionated by electrophoresis in an SDS-9% polyacrylamide gel and transferred to nitrocellulose. Viral proteins were detected with monoclonal antibody 810 (Chemicon, Temecula, Calif.), which recognized the IE72, IE86, and IE86HL proteins. The enhanced chemiluminescence detection reagents and secondary peroxidase-labeled antibody (Pierce, Rockford, Ill.) were used according to the manufacturer's directions.
Northern blots. Cytoplasmic RNA was isolated from HCMV-infected cells treated with cycloheximide (CHX) for 6 h as described previously (23, 35) . The RNAs were fractionated by electrophoresis in denaturing 1.5% agarose gels containing 6% formaldehyde and blotted onto Nytran (Schleicher and Schuell, Keene, N.H.) as described previously (40) . The primer pair 5Ј-GAGAAGGGA ATGATGGGAGCC-3Ј and 5Ј-CTAAATCGTCATGGGCCGTC-3Ј was used to generate a 301-bp PCR product from plasmid pXbaI-A (57) containing the UL13 open reading frame. The PCR product was gel purified and 32 P labeled with Rediprime II (Amersham) for use as a UL13-specific probe. Hybridization of the 32 P-labeled probe was done at 68°C overnight as described previously (40) . RNase protection assay. Riboprobe synthesis was performed as described previously (22) . Twenty micrograms of cytoplasmic RNA was hybridized to the 32 P-labeled riboprobes at 25°C overnight. The specific activities of the riboprobes were similar. After digestion with 100 U of RNase T 1 (Boehringer Mannheim) at 37°C for 1 h and then with 65 g of proteinase K at 37°C for 15 min, the protected RNAs were fractionated in a denaturing 6% polyacrylamide-7 M urea gel. Signals were detected by autoradiography on Hyperfilm MP (Amersham).
Flow cytometry. Cell sorting was carried out on a Coulter (Opalocka, Fla.) EPICS 753 cell sorter, and fluorescent cell scanning was performed on a Becton Dickinson FACScan (San Jose, Calif.) using CellQuest DNA analysis software (Verity Software House Inc., Topsham, Maine). The cells were trypsinized and washed twice in PBS, pH 7.4. After suspension in PBS, the cells were sorted according to forward and side scatter (mock infected) or fluorescence due to GFP expression. Twenty thousand cells positive for GFP were plated in highserum medium. After 6 days, CFU were identified by fixation with 10% formalin and staining with 0.3% methylene blue dye. GFP-positive cells were also suspended in a hypotonic propidium iodide solution containing 0.1% Triton X-100, 3.4 mM sodium citrate, and 50 g of propidium iodide/ml at 4°C for 30 min. The ModFit software program (Becton Dickinson) was used to calculate the cell cycle profile of propidium iodide-stained cells according to the manufacturer's specifications.
Transient transfections. Cells, synchronized by serum starvation for 24 h prior to transfection, were overlaid with 2 ml of Dulbecco's minimal essential medium without fetal calf serum. Transient transfection was done by the calcium precip-itation method of Graham and van der Eb (17) . Low-or high-serum medium was added for an additional 24 h, depending on the experiment.
RESULTS

Effect of HCMV on the cell cycle of permissive U373 cells.
HCMV infection of serum-starved permissive HFF induces a cell cycle halt primarily at the G 1 /S transition point (7, 11, 31, 41) . Our investigation of HFF infected with R⌬-582/-1108gfp gave similar results (data not shown). The U373 cells are also an HCMV-permissive cell line. There is controversy over the stage at which the cell cycle is halted by HCMV and which virus-specified proteins are involved in halting cell cycle progression. We investigated the effects of HCMV infection on the cell cycle of synchronized U373 cells. To synchronize the cells, they were incubated in low-serum medium (0.2%) for 48 h and then either mock infected or infected with the recombinant virus R⌬-582/-1108gfp (5 PFU/cell), which expresses GFP soon after infection. The cells were maintained in low-serum medium for an additional 24 h. To determine if the cells would complete the cell cycle, high-serum (10%) medium was added for 48 h. The cells were then sorted by FACS for side and forward scatter (mock infected) or for GFP expression (R⌬-582/-1108gfp infected). Since we used a recombinant HCMV that expresses the humanized GFP with early kinetics, we isolated and studied only the infected cells. FACS was necessary because we found that the efficiency with which HCMV Towne strain infects cells depends on the cell type. Using 5 PFU of the recombinant virus R⌬-582/-1108gfp/cell, we found that 93% of HFF were fluorescent by 48 h. Only 72% of U373 cells, 73% of human SMCs, 23% of HAECs, and 17% of HPVAECs were fluorescent by 48 h postinfection (p.i.) (data not shown). Since HCMV Towne strain was not adapted to grow in endothelial cells, the low infectivity of endothelial cells was expected. The DNA content of the sorted cells was determined by staining them with propidium iodide followed by FACS scanning as described in Materials and Methods.
An increase in the S phase of the cell cycle of the infected cells relative to that of the mock-infected cells (24 versus 16%, respectively) was repeatedly detected with the U373 cells. In contrast, there was little change in G 0 /G 1 (Fig. 1A) . These observations suggested that the infected cells were halted in the S phase of the cell cycle.
To demonstrate whether HCMV infection inhibited cell division, U373 cells were synchronized by serum starvation and infected with the recombinant virus R⌬-582/-1108gfp. R⌬-582/-1108gfp-infected U373 cells were sorted for GFP expression 48 h after infection and replated in high-serum medium. The mock-infected U373 cells grew to a confluent monolayer by 6 days after plating, but the infected GFP-positive cells were not able to divide during the 6-day period (Fig. 1B) . Individual HCMV-infected, GFP-expressing U373 cells were present in the dishes during the 6-day period (data not shown). The morphology of these isolated cells at 6 days p.i. was typical of HCMV-infected cells. Unlike the infected U373 cells, there were a few colonies that arose after infection of SMCs, HAECs, and HPVAECs (all less than 10 colonies from 20,000 cells). All of the cells present in these colonies 6 days p.i. were GFP negative. A representative GFP fluorescence is shown in Fig. 2 . The GFP-negative cells were either resistant to HCMV infection or unable to express early viral genes after infection. These results may explain the persistent HCMV infection of aortic endothelial cells reported by Fish et al. (14) . The effect of HCMV infection on cell division was more profound than the cell cycle results, since this assay looks at cells over several days and is a cumulative event. We conclude that cell division in all HCMV-infected cells was inhibited.
Expression of HCMV IE86 protein using Tet-inducible replication-defective adenovirus vectors. Since it is difficult to transfect the majority of U373 cells in culture, we used replication-defective adenovirus vectors to express either the IE72 or the IE86 protein and determined the effects of these viral IE proteins on cell cycle progression. The structures of the adenovirus vectors are shown in Fig. 3A . All of the vectors have the same adenovirus backbone. Replication-defective adenovirus which expresses the humanized GFP downstream of the CMV MIE promoter served as a control (Fig. 3A) . Ad-Trans is a recombinant adenovirus vector which expresses the TetR-VP16 fusion protein which binds to the tetracycline repressor element (TRE) in the absence of tetracycline and activates the minimal CMV MIE promoter (P minCMV ) of the recombinant adenovirus vectors Ad-IE72 and Ad-IE86. P minCMV has the CRS element, but the strong viral enhancer was removed (Fig.  3A) . It has been reported that both the IE72 and IE86 proteins are required to rescue replication of an E1a and E1b knockout adenovirus (56) , but it requires 4 to 5 days to see adenovirus cytopathic effect. Because E1a and E1b are both removed from the replication-defective recombinant adenoviruses, the expression of the IE72 protein or the IE86 protein alone was not sufficient to allow for detectable adenovirus vector replication within the assay period (data not shown).
To confirm the expression of the IE72 and IE86 proteins in HFF or 293 cells transduced with Ad-IE72 or Ad-IE86 with or without Ad-Trans in the presence or absence of tetracycline, Western blot analysis was done as described in Materials and Methods. The IE72 and IE86 proteins were detected in HFF or 293 cells (Fig. 3B , lanes 4 and 9 and lanes 2 and 7, respectively). Viral IE protein expression was inhibited by the presence of 10 g of tetracycline/ml (Fig. 3B, lanes 5 and 10) . The lower levels of the IE86 protein were possibly due to the IE86 protein repressing the expression of the TetR-VP16 fusion protein because of the presence of the CRS in the CMV promoter of this recombinant adenovirus vector.
Expression of a functional Ad-IE86 protein.
To demonstrate the function of the IE86 protein in the context of the viral genome, we tested the effects of the IE86 protein on the MIE promoter. HFF were either mock transduced or transduced with 10 PFU of Ad-IE72 plus Ad-IE86, Ad-IE86 plus AdTrans, both Ad-IE72 and Ad-IE86 plus Ad-Trans, or Ad-IE72 plus Ad-Trans per cell. After 24 h, the cells were infected with HCMV Towne strain (5 PFU/cell) in the presence of CHX. CHX was used to eliminate the effects of the HCMV-encoded IE72 and IE86 proteins. RNA was isolated 6 h p.i. and used in RNase protection assays with 32 P-labeled antisense RNA probes. The probes protected actin and HCMV IE1 RNA. To distinguish viral RNA from the HCMV genome from viral RNA from the adenovirus IE1 cDNA, we used a probe that detects IE1 intron-containing RNA. When normalized to the internal actin control, IE86 protein expression prior to HCMV infection led to a four-to fivefold reduction in the amount of steady-state IE1 precursor RNA (Fig. 4A, lanes 5 and 6) . High levels of IE72 protein expression had no significant effect on the steady-state levels of IE1 precursor RNA (Fig. 4A, lane 7) . These observations demonstrated for the first time that adenovirus vector-expressed IE86 protein can function to repress the MIE promoter in the context of the viral genome, but the IE72 protein had no effect on the MIE promoter.
To determine if the transduced IE86 protein can activate a viral early promoter in the context of the viral genome, HFF were mock transduced or transduced with 10 PFU of the adenovirus vectors/cell and infected with HCMV Towne strain 24 h later as described above. RNA was isolated 6 h p.i., fractionated by denaturing agarose gel electrophoresis, and 
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on February 21, 2013 by PENN STATE UNIV http://jvi.asm.org/ transferred to a Nytran membrane. Since preliminary gene microarray analysis indicated that the UL13 promoter was highly activated by the IE86 protein, a random-primed 32 Plabeled UL13-specific probe was used. Preexpression of the IE86 protein or both the IE86 and IE72 proteins transactivated the UL13 promoter in the presence of CHX (Fig. 4B, lanes 2  and 3) . The IE86 protein was necessary for promoter activation, but the IE72 protein did not synergize the early promoter activation. Transduction with Ad-GFP plus Ad-Trans had no effect (Fig. 4B, lane 1) . These data indicated for the first time that the IE86 protein can activate an early viral promoter in the context of the viral genome.
Ad-IE86 protein effects on the S phase. Weibusch and Hagemeier (59) reported that the IE86 protein inhibited cell cycle progression of U373 cells at the G 1 /S transition point; however, several reports indicated that the viral IE86 protein had a role in increasing and interacting with factors involved in the S phase of the cell cycle (6, 19, 50) . Since transfection of U373 cells is inefficient (10% or less), we used replication-defective recombinant adenovirus vectors that can transduce more than 95% of the U373 cells as determined by GFP fluorescence with Ad-GFP (10 PFU/cell) (data not shown). We determined the effect of the IE86 protein on U373 cells by using adenovirus vectors. Permissive U373 cells were synchronized by maintaining the cells in low-serum medium for 48 h, and then the cells were transduced with a total of 10 PFU of either Ad-GFP, Ad-IE72 plus Ad-IE86, Ad-IE72 plus Ad-Trans, or Ad-IE86 plus Ad-Trans per cell. The cells were maintained in lowserum medium for an additional 24 h, and then high-serum medium with nocodazole was added for an additional 48 h. The cells were harvested and stained with propidium iodide for cell cycle analysis as described in Materials and Methods.
The cell cycle distribution of Ad-GFP-transduced cells was similar to that of mock-infected U373 cells (data not shown), with an S-phase component of 9 versus 8% (Fig. 5B ). Cells transduced with Ad-IE72 plus Ad-IE86 had a modest increase in the S-phase component of the cell cycle (Fig. 5 ). This effect was probably due to a low level of IE86 protein expression in the absence of induction by Ad-Trans. Cells transduced with Ad-IE72 plus Ad-Trans had a slight increase in the S-phase component. In contrast, cells transduced with Ad-IE86 plus Ad-Trans had a significant increase to 35% of the cells in the S-phase component (Fig. 5) . However, the cells were blocked in the S phase and did not progress through the S phase to accumulate in G 2 /M in the presence of nocodazole. These data suggest that the IE86 protein can increase the number of cells in the S phase independently of other HCMV-encoded genes.
IE86 protein specifically halts cell cycle progression in the S phase. Even though the adenovirus E1a, E1b, and E3 genes were deleted in the adenovirus vectors, it is possible that the IE86 protein indirectly halted the cell cycle via adenovirus proteins, such as those encoded from the E4 region. The adenovirus E4 gene products were reported to block the cell cycle in the S phase (60) . Therefore, it was necessary to exclude the effects of the adenovirus E4 gene products. Because transient transfections are inherently inefficient and indicator genes on two separate plasmids are not always taken up by the same cell, we constructed plasmids which have the CMV MIE promoter with the CRS mutated driving expression of either the IE86 protein or a mutant IE86 protein and a divergent simian virus 40 (SV40) promoter driving expression of humanized GFP on the same plasmid (Fig. 6A) . The CRS of the MIE promoter was mutated, because the wild-type IE86 protein represses the MIE promoter by binding to the CRS (36, 37) . The IE86HL protein has the amino acids histidine 446 and histidine 452 in a putative zinc finger domain converted to leucines as described previously (37) . The divergent SV40 promoter driving expression of GFP allows for the selection of transfected cells by FACS scanning. Western blots demonstrated that the IE86 protein and the IE86HL proteins were expressed at equal levels in 293T cells (Fig. 6B) .
To determine the effect of the wild-type IE86 protein in the absence of any other viral proteins known to halt the cell cycle, 293T cells were transiently transfected with plasmids that express either GFP alone, GFP plus the IE86 protein, or GFP plus the IE86HL protein. We used 293T cells because we obtained transfection efficiencies as high as 40% as determined by FACS, but transfection efficiencies of only 10% or 1% were obtained with U373 cells or HFF, respectively (data not shown). In addition, the HFF did not remain viable after transfection plus treatment with nocodazole. The adenovirus E1a and E1b proteins are expressed endogenously in the 293T cells, but they were not expected to play a role in halting the cell cycle, since these viral proteins are involved in cell cycle progression. To synchronize the 293T cells, they were serum starved for 48 h prior to transfection with 10 g of the GFPexpressing plasmids. The transiently transfected cells were kept in low-serum medium for an additional 24 h. To determine the effects on cell cycle progression, the cells were fed high-serum medium with or without nocodazole. After an additional 48 h, the cells were sorted by FACS, stained with propidium iodide, and then subjected to cell cycle analysis as described in Materials and Methods. All of the sorted 293T cells had an aneuploid peak (Fig. 7A) . The plasmid GFP and GFP-IE86HL gave similar cell cycle profiles, with 27 to 23% of the cells in the S phase with or without nocodazole treatment (Fig. 7A) . In contrast, GFP-IE86-transfected cells had a significantly higher S-phase component of 46 and 69% with and without nocodazole, respectively. These data indicate that the expression of the wild-type IE86 protein can cause cells to accumulate in the S phase of the cell cycle.
To determine the effect of wild-type IE86 protein on cell division, 293T cells were serum starved for 48 h and then transfected with 10 g of either plasmid GFP, GFP-IE86, or GFP-IE86HL. After an additional 24 h in low-serum medium, the cells were fed high-serum medium. Forty-eight hours later, the cells were sorted by FACS for GFP fluorescence. The sorted cells (20,000) were replated in high-serum medium. Cells expressing GFP alone or GFP plus the IE86HL protein grew when replated on the dishes in high-serum medium (Fig.  7B) . GFP-positive cells that also expressed the IE86 protein were restricted in their ability to grow and were unable to generate colonies after 6 days. Single GFP-expressing cells were present that did not give rise to colonies after 6 days of incubation (data not shown). The few colonies that did develop either had lost the plasmid or were not transfected originally. We conclude that the wild-type IE86 protein can cause 293T cells to accumulate in the S phase of the cell cycle and can inhibit cell division. (5) isolated an IE86 protein-expressing HF cell line (LXSN-IE86) using a retroviral vector with selection for neomycin resistance. If wild-type IE86 protein blocks cell division, then it is possible that the integrated IE2 gene was mutated. Therefore, we sequenced the IE2 gene in the LXSN-IE86 cells. We utilized seven sets of PCR primers to amplify overlapping 250-to 350-bp fragments of the IE2 gene in DNA isolated from the LXSN-IE86 cells. Upon sequencing the integrated viral gene, we found several mutations within exon 5 of the viral protein (Fig. 8) . The carboxyl-terminal mutations were confirmed by independent sequencing of the same cell line by the Greaves Laboratory (R. Greaves [Cambridge University], personal communication). Since the mutant IE86 protein in LXSN-IE86 cells did not block cell cycle progression (5), the mutations may indicate important residues involved in an IE86 protein-induced cell cycle halt. How the wild-type protein blocks cell cycle progression requires further investigation.
LXSN-IE86 cell line contains a mutant IE2 gene. Recently, Bonin and McDougall
DISCUSSION
HCMV infects quiescent, differentiated cells that do not have available factors required for viral DNA synthesis. To create a viral replication factory, the virus must activate the appropriate biosynthetic pathways for DNA synthesis. After HCMV infection, the levels of factors involved in cellular DNA synthesis are increased, including proliferating cell nuclear antigen, thymidine kinase, DNA polymerase ␣, ornithine decarboxylase, and certain cyclins (6, 7, 11, 61) . HCMV infection of permissive cells induces a cell cycle halt. Several reports suggest a cell cycle halt at the G 1 /S transition point in HFF (7, 11, 31, 41) . However, other reports suggest that HCMV infection can induce cell cycle halts at other stages of the cell cycle (26, 31, 43) . Determining which viral gene products stimulate G 0 cells to enter an aborted cell cycle is important for understanding the biology of the virus-cell interaction.
We investigated the effects of HCMV infection on the permissive U373 cell line as well as other permissive cells. HCMVinfection of serum-starved U373 cells caused an increase in the number of cells present in the S phase. Since the viral genome is small compared to the cellular genome, viral DNA replication alone would not account for the changes seen in the S phase. The infected U373 cells, as well as the other permissive cells tested, were unable to complete cell division even though some cells made it to G 2 /M. The differences between the locations of the cell cycle halt in HFF and U373 cells may depend on the type of cell (primary versus transformed). Alternatively, the UL69 tegument protein, which halts the cell cycle in G 1 , functions more efficiently in HFF than in U373 cells.
In a similar experiment, Weibusch and Hagemeier (59) used a multiplicity of infection that infected only 45% of the U373 cells, which confounds the cell cycle analysis by including noninfected cells. They detected a threefold increase in the G 1 population of infected versus mock-infected U373 cells. In contrast, we used a recombinant HCMV which expresses the humanized GFP with early kinetics and isolated only the productively infected cells. FACS was necessary because we found that infection of permissive cells with HCMV Towne strain at a multiplicity of infection of 5 PFU/cell depends on the cell type and can range from 17 (HPVAECs) to 93% (HFF). In addition, the cell cycle analysis after serum stimulation is critical. In our pilot studies with uninfected serum-starved U373 cells, we determined that at 24 h after the addition of highserum medium in the presence of nocodazole, 18% of the cells were still in G 0 /G 1 , 66% of the cells were in the S phase, and only 15% of the cells progressed into G 2 /M. When serumstarved cells were harvested at 48 h after the addition of highserum medium in the presence of nocodazole, only 5% of the cells were in G 0 /G 1 , 27% of the cells were in the S phase, and 67% of the cells progressed into G 2 /M (data not shown). Since we harvested the R⌬-582/-1108gfp-infected U373 cells 48 h after release from serum starvation, the cells recovered from the serum starvation and progressed into the cell cycle. This apparent lag in the recovery of U373 cells may in part explain why the observations of Weibusch and Hagemeier (59) are different than our results.
To determine the effects of the IE86 protein on the cell cycle, we used replication-defective adenovirus vectors expressing IE86 protein to transduce U373 cells. The adenovirustransduced IE86 protein was functional in its ability to activate an early viral promoter and to repress the MIE promoter in the context of the viral genome. Transduction of functional IE86 protein into U373 cells led to a fourfold increase in the number of cells present in the S phase relative to control transduced cells (Ad-GFP). The IE72 protein did not have a significant effect on the S phase at 10 PFU of Ad-IE72 plus Ad-Trans vectors/cell. The IE86 protein in the absence of other viral proteins induced more cells to enter the S phase than in HCMV-infected U373 cells. This finding is consistent with the idea that HCMV DNA replication alone could not account for an increase in DNA content seen in the HCMV-infected U373 cells. Since the virion-associated UL69 protein of HCMV was not present in the transduced U373 cells, the cells did not demonstrate a G 1 /S halt. The cells progressed into the S phase, and then they were halted.
The E4 gene of adenovirus has been implicated in inducing a G 1 /S and a G 2 cell cycle halt (60) . Because the E4 gene was present in the adenovirus vectors, it was possible that IE86 protein expression increased transcription from the adenovirus E4 gene. To eliminate the possibility of E4 gene involvement in the induction of the S phase and the cell cycle halt, plasmids were constructed which expressed GFP and a wild-type or a (59) serum starved U373 cells prior to transfection followed by the addition of serum 42 h after transfection, they reported little change in the cell cycle between mock-transfected and IE86 protein-expressing cells. In fact, a modest increase in the S-phase component was seen (20% in the IE86 protein-expressing cells compared to 16% in the mock-infected cells) (59) . When we selected the GFP-expressing cells and analyzed the cell cycle, we detected an increase in the S phase from 23% (GFP-mock) to 69% (GFP-IE86). Our plasmid constructs coexpressed GFP as well as the effector gene of interest in synchronized cells that were selected 48 h after transfection for GFP expression. The longer recovery period and the GFP selection allowed the cell cycle analysis to be performed on a uniform population. Differences in experimental design may explain the discrepancies in the effect of the IE86 protein on the stage of the cell cycle. However, the results of Weibusch and Hagemeier confirmed our original observation (Murphy and Stinski, 23rd Int. Herpesvirus Workshop) that wild-type IE86 protein can induce a cell cycle halt.
The ability of the IE86 protein to inhibit cell cycle progression might explain the difficulties we encountered in isolating recombinant adenovirus vectors expressing a wild-type IE2 gene product from an unregulated promoter (data not shown). In contrast, we and others (1, 2) have isolated a recombinant adenovirus vector expressing the wild-type IE1 gene product from an unregulated promoter. In addition, Greaves and Mocarski (18) were able to isolate an IE72 protein-expressing HF cell line. While, Bonin and McDougall (5) generated an IE86 protein-expressing HF cell line using a retroviral vector and a selectable gene product (G418), the IE86 protein encoded by the IE2 gene did not induce a halt in cell cycle progression. Upon sequencing the integrated viral gene, we found mutations within a critical carboxyl-terminal domain of the protein. These mutations were confirmed by independent sequencing of the same cell line by the R. Greaves Laboratory (Greaves, personal communication). When Weibusch and Hagemeier (59) mutated this region of the IE86 protein, they were unable to halt cell cycle progression. We propose that the use of a retroviral system compounded by selection for neomycin resistance resulted in the selection of an HF expressing a mutant IE86 protein. These mutations in the IE86 protein may have prevented the protein from inhibiting the cell cycle.
We observed a halt in the cell cycle of HCMV-infected permissive HFF, U373 cells, SMCs, HAECs, and HPVAECs, as well as nonpermissive 293T cells, transiently transfected with an IE86 protein-expressing plasmid. A halt in the S phase of the cell cycle may allow HCMV to utilize cellular factors for its own viral DNA replication. Weibusch and Hagemeier (59) have shown that the IE86 protein can affect the cell cycle in a p16INK4-, Rb-, p53-, or p21CIP-independent manner. The mechanism by which the IE86 protein halts cell cycle progression is presently not understood and requires further investigation.
